Apolipoprotein C1 (Apoc1) is associated with lipoprotein metabolism, but its physiological role during embryogenesis is largely unknown. We reveal a new function of Apoc1b, a transcript isoform of Apoc1, in epiboly during zebrafish gastrulation. Apoc1b is expressed in yolk syncytial layers and in deep cells of the ventral and lateral region of the embryos. It displays a radial gradient with high levels in the interior layer and low levels in the superficial layer. Knockdown of Apoc1b by injecting antisense morpholino (MO) caused the epiboly arrest in deep cells. Moreover, we show that the radial intercalation and the radial gradient distribution of E-cadherin are disrupted both in Apoc1b knockdown and overexpressed embryos. Therefore, Apoc1b controls epiboly via E-cadherin-mediated radial intercalation in a gradient-dependent manner.
During vertebrate gastrulation, the evolutionarily conserved morphogenetic movements of epiboly, internalization, convergence and extension cooperate to generate the three germ layers and to sculpt the body plan [13] . Epiboly begins at the late blastula stage and ends at the bud stage, and constitutes the first active gastrula migration [4] . During epiboly, three cell layers, the yolk syncytial layer (YSL), the deep cells and the enveloping layer (EVL) expand towards the vegetal pole and thin the blastoderm over the large yolk cells.
The cellular and molecular processes underlying epiboly during gastrulation remain poorly understood [5] . An important recent development in gastrulation research is the demonstration that E-cadherin-mediated cell-cell adhesion is necessary for epiboly. Several zebrafish mutants (e.g., half baked, avalanche, lawine, and weg), in which epiboly is inhibited, have been reported to map to a single locus, cdh1 gene encoding E-Cadherin [68] . Because of a decrease in cell-cell junctions, cdh1 deficient embryos exhibit inhibited radial intercalation, during which the deep cells move superficially, thinning the deep cell layer [6] .
Another major force generator is the cytoskeleton that plays many roles during epiboly. Disruption of microtubule networks in the yolk cell inhibits the epiboly of yolk syncytial nuclei and partially impairs the epiboly of the EVL and deep cells [9, 10] . Microtubule polymerization is maintained by pregnenolone, a lipid product of Cyp11a1 enzyme in yolk cells, and is required for normal epiboly [11] . The leading edge of the EVL and YSL are connected by tight junctions. A punctate actin band overlaps with the process of a massive endocytosis that drives EVL epiboly [9, 12, 13] . It has also been hypothesized that two other actin rings at the margins of the EVL and deep cells provide the pursing force for epiboly [12, 14] . These actomyosin rings drive the cell spread by a combination of cable-constriction and flow-friction [15] .
A number of other factors have been shown to affect cell motility during epiboly, such as Src-related kinases, Fyn and Yes, both known regulators of the cytoskeleton [16, 17] , T-box transcription factor Emoesodermin (Emoes) [18] , POU domain transcription factor Pou5f1/Oct4 [1921], Dicer enzyme [22] , prostaglandin E2 signaling via epinephrine receptor 4 [23] , the Rac-GAP activity protein alpha2-Chimerin [24] , an Src kinase encoded by angiomotin-like2 [25] , an atypical pro-cadherin Flamingo [26] , heterotrimeric G proteins of G 12 family (G 12 and G 13 ) [27] and E-catenin [28] , an actin-binding protein associated with E-cadherin--catenin-based adherences. However, the molecular basis of epiboly is not well understood.
Apolipoproteins, the major protein component of lipoproteins, play an important role in lipoprotein metabolism. They contribute to interorgan fuel (triglyceride) transport and to the balance of the cholesterol pool [29] . Abnormalities of apolipoproteins are associated with many human diseases, such as cardiocerebral vascular disease, obesity, insulin resistance, diabetes and Alzheimer's disease [3034] . Recently, researchers have begun to identify links between apolipoproteins and some signaling molecules [3537] . Some apolipoproteins are able to stimulate vascular endothelial cell growth and migration [38, 39] . These findings suggest that much remains to be learned from this family.
Development of embryos depends on endogenous nutrition and energy supplied by the yolk repository in both fish and frogs. However, little is known about the regulatory mechanism by which the stock materials are transported and used in embryos. In prior studies, we have observed that gastrula embryos express a number of many apolipoproteins, including Apo-14 [40, 41] and ApoC1 [42] , suggesting they may play a significant role in early embryogenesis. Here, we report a new role for Apolipoprotein c1 during epiboly cell movement in zebrafish.
Materials and methods

Embryology
Wild-type zebrafish (AB strain) and embryos were maintained and raised at 28.5°C as described previously [43] . The stages were staged according to morphological criteria [44] .
Morpholino oligonucleotides, constructs and mRNA injections
The ORF of Apoc1b was cloned into the pCS2+ vector for mRNA synthesis using Message Machine-Kit (Ambion, USA). Morpholino oligonucleotides of Apoc1b were purchased from Gene Tools and the microinjections were performed as described previously [45] . The following morpholinos blocking the translation were injected at the concentrations given in Table 1 : c1aMO: 5′-AGCCAAG-TACAATTTCATCTTGTCG-3′; c1bMO1: 5′-TCAGGT-CCTCTGCAATCTCCTTCAT-3′; c1bMO2: 5′-CTGCAA-TCTCCTTCATCTGGGTCCC-3′; 5mm-MO: 5′-TCACGT-CGTCTGGAATCTGCTTGAT-3′.
Northern blot analysis
Total RNA (10 ng) was run on an 8% acrylamide denaturing (urea) gels, then transferred to a Zeta-Probe GT membrane (BioRad, USA). Biotin labeled oligonucleotide probes were hybridized to crosslinked membranes at 42°C in 7% SDS, 0.2 mol L 1 Na 2 PO 4 (pH 7.0) overnight. Membranes were washed at 42°C, twice with 2× SSPE, 0.1% SDS and twice with 0.5× SSPE, 0.1% SDS, then detected with Chemiluminescence (Pierce, USA). The following probes were used during the Northern blot analysis: P1: 5′-TAC-AGCAAGTACAAGCATCAGCAC-3′-biotin; P2: 5′-GAA-GGCGGTTTTGGTCTTATCTGCCAGGT-3′-biotin.
Whole-mount in situ hybridization and staining
In situ hybridization and antibody staining were carried out as described [46] . Anti-zE-cadherin polyclonal antiserum (1 : 2500), DAPI (0.2 µg mL 1 , Sigma, USA) and phalloidin (66 nmol L 1 , Invitrogen, USA) were used for staining.
Antiserum preparation
Mice and rabbits were immunized with two different peptides of Apoc1 coupled to keyhole limpet hemocyanin (KLH), yielding two polyclonal antibodies against Apoc1a (C-EEPTLEQHFTKFGTQ-NH2) or against both Apoc1a and Apoc1b (C-YEKLKQKMTETFN-NH2), respectively (New East, China). The anti-sera were purified by using CNBr-activated Sepharose 4B (GE).
Cell division cycle analysis
Analysis of cell division cycles by flow cytometry was performed as previously described [47] . In brief, embryos were washed with 1/2 Ringer's solution then dissociated by trypsin digestion. After incubation with Brdu (10 µmol L 1 ) for 30 min, the cells were washed and fixed, then stained with anti-BrdU. The cells were suspended in 50 µg mL 1 of PI (Sigma, USA) for flow cytometric analysis.
Microscopy and time-lapse imaging
Whole embryos were photographed using a Leica SP2 confocal microscope. For time-lapse records, dechorionated embryos were laid on a glass-bottom culture dish and were imaged at intervals. Afterward, the recordings were processed using ImageJ software. In Figure 5A , the images from one plane of the time-lapse video recording were imported into Adobe Photoshop and pseudo-color was added to aid in presentation.
Results
Two isoforms of apoc1 in zebrafish
To evaluate the developmental function of Apoc1, we searched the zebrafish genome database and obtained a homologous zebrafish apoc1 located in the apoe/apoc1/apoc2 gene cluster ( Figure 1A ). Interestingly, two apoc1 cDNAs with different lengths were amplified by the 5′ RACE-PCR from zebrafish embryos ( Figure 1B ). Compared with the longer form (named apoc1a), the shorter form of apoc1 (named apoc1b) has a truncation at the 5′-end, resulting in the absence of a signal peptide ( Figure 1C and D). This suggests that apoc1b is an intracellular isoform.
The differential expression patterns of Apoc1s during embryogenesis
To confirm the existence of two different length apoc1 molecules in zebrafish, we analyzed their expression during embryogenesis by Northern blot analysis using two 3′-biotin labeled oligonucleotide probes. Probe P1 targeting exon 2, only detected apoc1a, whereas probe P2 targeting the 3′ terminal of exon 3, detected both apoc1a and apoc1b (Figure 1C) . apoc1a was first detected at the shield stage by both the P1 and P2 probes, while apoc1b was detected at the one-cell and 32-cell stage of embryos (Figure 2A ), suggesting that apoc1b, but not apoc1a, was of maternal origin. The zygotic apoc1b was transcribed at the sphere stage and the level of expression was higher during embryogenesis than that of apoc1a ( Figure 2A ). In addition, whole-mount in situ hybridization (WISH) was used to observe the spatial distribution of apoc1a and Figure 1C , probe P1 recognized only apoc1a (top) while P2 recognized both apoc1a and apoc1b (middle). β-actin acted as control (bottom). BE, In situ hybridization analysis with antisense probe c1a1b at 512-cell (B), high (C), 30%-epiboly (D) and 75%-epiboly (E) stage. Dorsal to the right and anterior to the top. FJ, In situ hybridization analysis with antisense probe c1b at 8-cell (F), high (G), 30%-epiboly (H) and 75%-epiboly (I) stage. Dorsal to the right and anterior to the top. Vegetal view of the box area in I is shown in higher magnification (J). Gradient WISH signaling is indicated by triangles. apoc1b using two different antisense RNA probes c1aΔb (green color in Figure 1D ) and c1b (blue color in Figure  1D ). Consistent with the results of Northern blot analysis, c1aΔb (specific for apoc1a) did not yield a signal during the early stage ( Figure 2B and C). However, applying another probe (specific for both apoc1a and apoc1b) yielded a positive signal that was ubiquitously and uniformly distributed in the cleavage cells ( Figure 2F and G), suggesting that the probe was targeting apoc1b from maternal egg. Similarly, apoc1a was only weakly detected at 30% epiboly ( Figure  2D ), whereas apoc1b was expressed throughout the blastoderm and was strongly localized at the margin of the blastoderm ( Figure 2H ). From gastrulation, it was difficult to distinguish apoc1a and apoc1b using the two probes ( Figure  2E compared with 2I). Significantly, during the onset of gastrulation, we observed a transcriptional gradient from ventral to dorsal, in which expression was highest on the ventral side and decreased progressively towards the dorsal side ( Figure 2E and I and shown by the blue triangle in Figure 2J) . Concurrently, we also observed another gradient characterized by high expression in deep cells and low in superficial cells in the ventral and lateral region of the embryos (shown by the red triangle in Figure 2J ). Taken together, the results suggest that zebrafish apoc1 would play some roles in a concentration-dependent manner during early embryogenesis.
Apoc1b is required for epiboly
To study the physiological function of Apoc1, endogenous Apoc1a and Apoc1b were knocked down by antisense morpholinos (MO), which specifically inhibited the expression of either Apoc1a or Apoc1b ( Figure 3A) . Injection with apoc1a MO did not yield a phenotypic response in the embryo (not shown), whereas injection of apoc1b morpholino (c1bMO1) disrupted gastrula morphogenesis (Figure 3) . Thus, we concentrated further analysis on this small form. In addition, a control mismatched MO with five nucleotide changes (c1bMis) did not affect gastrulation (Table 1 ). Another MO (c1bMO2), targeted to a different region, produced similar phenotypes when injected alone or mixed with c1bMO1 (Table 1) . Therefore, disruption of the gas- trula appears to be produced by specific knockdown of the Apoc1b protein with apoc1b MOs.
When compared with Mis or WT siblings, the early embryos appeared normal during the blastula and early gastrula stage ( Figure 3B) . However, at approximately 80% epiboly, Apoc1b morphants exhibited obvious morphogenetic defects in a dose-dependent manner ( Figure 3C , Table 1 ). At the ideal dose (8 ng), 60.6% of morphants showed moderate defect, but still completed epiboly at the somite stage; 26.6% of embryos displayed a severe defect and never completed epiboly (Table 1) . However, co-injection with an apoc1b mRNA lacking a targeted sequence (rcRNA) aggravated the morphogenetic defects (Table 1 ). These data suggest that the proper expression of Apoc1b is required for epiboly.
Knockdown of Apoc1b disrupts deep cell epiboly
To analyze the epiboly delay in more detail, we stained nuclei and the cytoskeleton to visualize the distribution of cells. This revealed the epiboly progression in deep cell, YSL and EVL compartments (Figure 4) . The staining of fixed embryos revealed that the deep cells slowed and stopped their spread over the yolk cell in Apoc1b morphants ( Figure 4B ). The progression of epiboly in the EVL and YSL was very slightly delayed ( Figure 4B ). Both spread to the vegetal pole of the embryo by the end of gastrulation (data not shown). As epiboly progressed, the EVL margin (indicated by arrows) and YSL margin (indicated by blank triangles) moved far away from the deep cell margin (indicated by triangles), in contrast to the pattern in WT controls ( Figure 4B compared with 4A ). Apoc1b was expressed in a gradient characterized by high levels in deep cells and low levels in superficial cells, but was not expressed in the EVL. Knockdown of Apoc1b not only decreased the amount of protein, but also attenuated the gradient. Ubiquitous overexpression by coinjection with mRNA is unlikely to reestablish the gradient, but disrupts the gradient. Therefore, Apoc1b rcRNA did not rescue the epiboly defects caused by Apoc1b knockdown, but instead aggravated them (Figure 4C , Table 1 ).
Delay of deep cell epiboly can be caused by abnormal migratory or adhesive behavior, but also could result from a reduced number of deep cells [20] . To evaluate this latter possibility, we analyzed cell proliferation by examining cell division cycles in embryos at 3.3 hours post-fertilization and 60% epiboly stage using flow cytometry. Our data revealed that, at least until cell division cycle 13, the syn- Three independent experiments were performed for each sample. C, Z-projections of whole-mount immunofluorescence analyses of PH3 in wild-type and morphant embryos at 75% epiboly. n=23 from three independent experiments. chronous pre-MBT and semisynchronous post-MBT cell division cycles proceeded at the same rate in wild-type and Apoc1b morphants ( Figure 5 , yellow dots). Fluorescence staining analysis using anti-phosphorylated histone H3 (PH3) revealed a similar pattern in the WT control and Apoc1b morphants ( Figure 5C ). Together, this indicates that the delay in epiboly is not caused by reduced deep cell number, but by an effect on cell movement.
Radial intercalation is disrupted by apoc1b knockdown
To directly observe the effects of Apoc1b on deep cell behavior during epiboly, we recorded the movements of ventral-lateral cells during late epiboly. In WT controls, the individual cells from the interior layer (via radial intercalation) entered the exterior layer, changed their shape, then became restricted to that layer (Movie S1 in Supporting Information). During this process, the combination of radial intercalation and cell shape changes drive the spreading of the blastoderm [6] . In Apoc1b morphants, cells forming the interior layers also intercalated into the exterior layer, but these cells never completely flattened out ( Figure 6A ; Movie S2 in Supporting Information). Furthermore, many of these cells 'de-intercalated' and moved back into the interior layer (blue cell in Figure 6A ; Movie S2 in Supporting Information). The disordered cell movement in response to Apoc1b knockdown was reduced by co-injection with Apoc1b rcRNA, which even restricted the normal radial intercalation (Movie S3 in Supporting Information). Thus, co-injection with rcRNA did not rescue the epiboly defects in Apoc1b morphants, but induced a longer delay in epiboly. Therefore, deep cell epiboly requires both the presence of the Apoc1b protein and a gradient of its expression. 
The radial gradient of E-cadherin is disrupted by apoc1b knockdown
With low expression in deep cells and high in superficial cells, e-cadherin forms a gradient that is necessary for radial intercalation ( Figure 6B ). Therefore, we proposed that Apoc1b affects epiboly via the action of E-cadherin. To explore this, we examined the expression of E-cadherin in ventral cells. Knockdown of Apoc1b not only decreased the amount of E-cadherin in the plasma membrane (PM), but also impaired the gradient in the ventral region ( Figure 6C ). The dorsal gradient was unaffected in Apoc1b morphants (data not shown), in accordance with the ApoC1 ventral expression pattern ( Figure 2E-G) . Interestingly, the defect in subcellular distribution was compromised by co-injection with Apoc1b rcRNA, whereas disruption of the gradient was not ( Figure 6D ). This may explain why coinjection with Apoc1b rcRNA cannot reverse the delay in epiboly and the intercalation disorder. The ubiquitous expression of rescued Apoc1b mRNA cannot reestablish its gradient, but does rescue its intracellular effects on E-cadherin. Taken together, these data suggest that the proper pattern of Apoc1b expression is needed for correct E-cadherin distribution and for regulating the radial intercalation during epiboly during zebrafish gastrulation.
Discussion
Lipid homeostasis is critical for cells and organisms. Members of apolipoprotein family play fundamental roles in lipid transportation and lipid metabolism. In this paper, we have shown a new function for Apolipoprotein C1, independently to lipoprotein metabolism, in epiboly cell movement during zebrafish gastrulation.
We identified two different isoforms of Apolipoprotein C1 in zebrafish, designated as Apoc1a and Apoc1b. As in other species, Apoc1a is a secreted protein because of a signal peptide situated at its N terminal. The yolk sphere, a unique extracellular structure consisting of large lipids, contains a maternal source of Apoc1a protein, which acts as a pool for early embryogenesis. Therefore, injection with Apoc1a morpholino only slightly reduced the amount of Apoc1a protein ( Figure 3A) . We speculate that this explains why Apoc1a knockdown does not affect embryogenesis. Its presence in the yolk sphere suggests that Apoc1a plays a role in lipid transport and metabolism, as in other species. In contrast, another transcript isoform (Apoc1b) is restricted in cells, owing to the lack of signal peptide ( Figure 1C and D) . The difference in distribution implies a differential function, in which Apoc1b regulates epiboly.
Apolipoproteins are key mediators of lipid homeostasis. As the epiboly progressed, the expression of Apoc1s increases in YSL ( Figure 2E and F) , where Apoc1s easily interact with yolk lipid. It is unlikely that only Apoc1a is expressed in YSL, since apoc1b is not a transcript splicing variant and shares the same genome with apoc1a ( Figure 1 ). The cell membrane in YSL is largely absent [12] , suggesting that the difference between secreted Apoc1a and non-secreted Apoc1b is small. Therefore, both of these Apoc1 proteins likely play similar roles in YSL during epiboly.
Epiboly is the initial morphogenetic process during fish gastrulation, and consists of the spreading movements of three layers. The interactions between the three layers occur throughout the whole epiboly process. The inner layer (yolk cell) likely acts as an epiboly motor, since the YSL moves more quickly when the blastoderm is removed in Fundulus [48] . The yolk cell produces a pulling force via its Claudin E-dependent tight junctions to the EVL margin [13] . The interaction between the EVL and deep cells is also important for epiboly. The basal surface of the EVL acts as a substrate for the epiboly movement of deep cells. Conversely, deep cells exert traction force on the EVL [49]. In our case, knockdown of Apoc1b significantly impaired the epiboly of deep cells. Apoc1b regulates the radial intercalation, through which deep cells move actively during epiboly. The epiboly of the EVL can be attenuated through the traction force produced by interacting with underlying deep cells, in which epiboly is impaired. The epiboly of YSL was very slightly weakened, although Apoc1b is expressed in this area. As with the EVL, this slight delay in YSL is likely due to the influence of deep cells.
During gastrulation, the transcription of apoc1s is tightly controlled and is characterized by two gradients. One is from ventral to dorsal, where transcription levels were highest in the ventral region and decreased progressively to the dorsal side ( Figure 2E and F) . The second gradient is from deep to superficial, with higher transcription levels in deeper cells. These suggest that not only Apoc1b itself, but also the gradient in its expression is required for gastrulation morphogenesis. Indeed, interfering with its expression by knockdown or overexpression of Apoc1b both influences gastrulation morphogenesis and inhibits epiboly (Figure 3 ).
Both disrupt the Apoc1b gradient, although they have opposite effects on protein levels. Therefore, the underlying mechanisms differ in these two cases. In Apoc1b morphants, radial intercalation of deep cells is not impaired, but the cells in the outer layer move to the deeper region, concurrently ( Figure 6A ). This leads to defects in the blastoderm spreading while the cell movement is unlimited (Movie S2 in Supporting Information). In the case of overexpression, radial intercalation is reduced by injecting rcRNA and cells are likely confined to their current position (Movie S3 in Supporting Information). Together, these suggest that the mediation of epiboly by Apoc1b is correlated to cell-cell interactions.
E-cadherin is a critical cell-cell adhesion molecular at adherent junctions. It has been proven that E-cadherin plays pivotal roles both in epiboly and in C&E movement. The high level of E-cadherin expression in superficial cells and low levels in deep cells form a gradient during gastrulation in zebrafish. This means that the cell-cell adhesions in one cell differ in the inward and outward orientation. This results in a higher probability of cell motility in the exterior layer [50] . Interestingly, this gradient is reversed relative to the Apoc1b gradient. Coincidently, disruption of the Apoc1b gradient also impaired the E-cadherin gradient. Therefore, the Apoc1b gradient is required for corrected E-cadherin distribution, and thereby influences epiboly. 
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